'THECOPYT” N' B PDDL,CQW -‘u)A ;
SIGNIFICHHT 0 57 OF PAGKS WHICH DO NOT 7
REPRODUCE LEGIRLY.

o

_S,TABILITY AND _@TITROL STUDY

OF A
\ KW Y i
g’l/ALL %Cl' K=T EFT gVIC »
nY

D Pe A.JSollow
Staff ™ gering Department

Aerojet Systems Division

ADAG 63189

July 1,. 1960

a )

FILE COPY
% '

SPTCIAL impm; 0. 1820
=

DDC

£ 3 | \a

(B DA- -1 VT i s

] digtribution is unhmitod.

Anproved By: Prepared By:
RF Broosf P Sl
Pe Ay Sollow
R. F. Drodsky, llcad ;
Staff Tngineering Department ételr%;lygam‘.cs S?Cti%"
Aero jet Systems Division ali “ngineering Department
Gen . forp Aerojet Systems Division

l—\rgwa N7 .

P“_“
PROPERTY CF U. S. ARMY
TRARTFOITALEY = RRCH DOMMAND
R;:Lm(m? aoeoil ol DENTER

49 01 U9 041




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DDC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




TABLT OF CONT™NTS

I. SUMMARY

II. INTRODUCTION 1

III. DISCUSSION

n

A, OP"RATOR CAPABILITY

Be  RTSPONSE PATTTRN

Ce  VTEHICL™ GROMFTRY

D, RELATIVE MAGNITUDE OF VARIOUS MOTIONS
E.  POSITION OF MOTOR GIMBAL AXIS

Fs  ROLL, YAV AWD IAT"RAL DISPLACTMFNT

G, CRITFRIA FOR ROLL AND YW STABILITY
H.  SUITABILITY OF T DIM™MSIONAL STUDY
I. OPTRATOR IOGIC IN THY PITCH PLAN®

J»  FRROR JUDGH™NT

K. DWPARTUR® OF PRTWDICT®D FRO! SCTUAL PWRFORMAICT
L. CRUIS® ALTITUD®

M.  LANDTNG ROUTINT™

N.  ROLL AND YAW LOGIC

0. MODFL OPRERATOR

P.  FLIGHT DYMAMICS 'TTH IIOVING C"NT*R OF GRAVITY
Q. ALLOWABLF PITCH RATS

R.  SOLUTION OF C.G. SHIFT PROBL®M

S.  THROTTLW LINKAGE

T.  LANDTNG RATIUS

U.  PITCH CONTROL GTOMETRY

V. ABNORMAL FLIGHT CONIT TIONG

W, YAV CONTROL

X. ROLL CONTROL

Y, SIGNIFICANC® OF TH® SYS3TW1 DFRVFLOPED

MO RO N O N N I b b e e 00 =S
e PR ERRRRELEDS

SYMBOLS 27 & 28
RFFERENCES 29

imn v o o oA R AR R T e e e s
AL AL A ey s A A RR AL

W WA AL AR5

LR M LR K Vi

o d——



TARLY OF CONTRNTS (CONT, )

FIGUR'S
FIGURT NO,
Response to a Stimulus 1
Flight Safety Logic 2
Flight ®nvelope Determinants 3
Landing Logic L
Model Selected for Computer Study 5
Center of Gravity Locations 6
%S ) Center of Gravity Location vs Fuel Consumption 7
- Lateral Center of Gravity Shift vs Fuel Consumption 8
Flight Path with No Center of Gravity Trim,

Trajectory Computed on IBM 704 9 .
Pitch Dynamics of a Portion of a Flight Vithout C.G. Trim 10
Thrust Variation with Throttle Position 11
Minimum Motor Deflection Angle vs Motor Pivot location 12
Typical Throttle Linkare Dynmmics 13
Computed Trajectory of GRLD, llotor Pivot Point 17.16

Inches above Hip Pivot Point U
Computed Trajectory of SRLD, Motor Pivot Point

12,0 Inches Above Hip Pivot Point 15
Computed Trajectory of SRTD, Motor Pivot Point 19.2

Inches Above Hip Pivot Point 16
Computed Trajectory of SRLD 17
Pitch Dynamics of a Portion of a Flight with C.G. Trim 18
Vertical Trajectory Computed on the IBM 70 Computer 19
Kick Angle vs Duration of Kick for 90° Kick 20
Flight Attitude During a Kick Maneuver for 90° Kick 21
Flight Path in a 30 Foot/Second Cross Vind with Yaw

Control 22
Roll Orientation Variation 23

fy e s e e e - PG S vy



I, \g SUMMARY
A stability and contyel study of & 9mall Rocket Lift Device was 3
performed employing analytic methods, Mathomatical definition of the 5
operatorts control actuation logic and visual orientation sensing capabile 4
. 4ties were formulated, These, together with the equations of motion of the 2
system, were programmed for an IBM 70L digital computer and pitch plane B
trajectories were computed, Additionally, a vaw plane trajeotory and a x

one degree of freedom roll dynamiss program were run on an IBM 610 digitel
computer,

The operator was assumed to apprise himself of his orientation through : q
visual reference to the ground, Thrust direction nnd magnitude were con- 4
trolled by the manipulttion of hand levers, The linkage of these controls v
was varied to determine tho effect on atability and control. It was determined E:
that oontrollabls flight could be achiaved for the man-velicle system studied, L .

The effects of CO shift, wind, a severe body contortion, variation 1 o™ .
of flight rules, and temporary loss of thrust were investigated, ————— ¢ Pﬁ E

I, INTROUCTION

This report describes a atability and control study performed as a ' ' ,
part of a feasibility study of a "Small Rocket lift Devica" (SRLD) pe - i

~h!_&b!_ég{g%%ﬁ,Qx!&nijnxinLg%"tor the U, 5, Army Transportation Ressarch
and "ngineering Command ypder Cofitract =T0uB08Y Certain weight 4
and dimensional and motor performance data defining thé deévice was extracted i
from other portions of this study. Additionally, & Human Engineering Study

performed under this contract contributed information concerning the physical
characteristios of the oparator of tha device (Reference 1),

Since tho objective of the study was to determine the feasibility of , _
a device of this type rather than to prooisely predict the optimum vohiocle : E
performance, this stability and control study is directed teward determining 4
whether a svatem configuration may be defined which allows safe, controllable .
flights It was felt that ontimizing the operator's actions was neither
necessary nor dogirable. The computed flights, therefore, do not show either
the performance of an optimum syatem or the optimum performance of the selected
systems It will be found that this report departs somevhet {rom the olasa=
ical form of reporting in vhich the method of approach is first presonted :
independent of the rosults, This was found desirable since this study ine :
volved both the determination of a method of annlysis, and the generution j
of a satisfactory vehicle peometry, The capabilities of the vehisle and the
operator, which might, in part, more properly be considered results, ine-
fluence the form which the method of analysis muat take. It was therefore
considered adviucable to introduca, along with each point of the develop-
ment of the mathod of analysis, that item of vehicle or operator capability
which determined the form of that portion of the analysis, It is felt that
this form of presentation will be the moat meaningful,
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Since the objective of the basie study wos to investigate the overall
feasibility of a SRLD, other factors basidas stability and control had to
be oconsidered in estadlishing a system conPiguration. Thus, this stability
and control study was directed toward investirating a general configuration

1igbility, and performance potontial,

\E?\zztzgkaatiariod-thn requirements of low cost and weight, compactness, -

The configuration which was considercd consista of two pressus=fed
liquid monopropellant motors mounted to a baok pack which sunports all
vehicle components, A single throttle controls the propellunt flew to both
motors while a thrust differential between the motors is effected by employing
a flow dividine valves Thrust vectoring is effected through both gimballing
of the noszles and the uze of a jetavator, Txtensions of the pack structure

on each side of the operator bring the hand controls to a position convanient |

to the operator.
11, n:souss:ou\\
As OPRRATOR CAPARILITY

In order to perform a quantitative study of the dynamics of &
guided airborne systom, it is necessary to define, in muthematical language,
the guidance and control systems, In the case of the small rocket 1lift
dovice, the operator performs the guidamce mnd control astuvation functions,
It is spparent that the complexity of the entire atudy is largely a funotion
of the complexity of the equotions defining the operator since the equations
of motion are for the most part invariant from system to system, For this
reason, considerable attentlion was given to the onerator charasteristics
before a method of solution was solected,

One of the firat choicaes which had to be made was between a
skilled and a relatively untrained operator. Obviously, the less skill
assumed on the part of the operator, the more conserv.ti » the results of
the study become. Additionally, it was felt that a gudy which assumed a min-
dimum of operator capability wouid be the most productive in pinpointing the
areas in which preflight training was required snd indlcating the degree
of proficiency which would be acceptable. for sofe free flight operation,

For these rcasons, it was deoided that an unskilled operator would be used
as the mathematical model,

In order that the operator's response pattern be defined, it
becomes necessary to resort to analogy. Fortunatoly, a close analogy to
this type of vehicle exiats in the smutomobile, for which the bshavior pattern
of an unskilled opeorator is well known, Additionally, the frequency of con=
trol manipulations 15 of the same order of magnitude as vould he exnected
for the small roocket 1lift device. One of the criteria which specifically
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dofines the form which the oolution muat take is the depree to which

the operator anticipates future events, To detormine this, conaideration
is given to the analogy. "Learning the brakes" is one of the firat accom=
plishments of the student driver, and this is effected quite rapidly., The
spplication of preasure to the brake control is far from smooth and no
nttempt 48 mude to "feuther" the control, but tha judgement of the point at
vhich braking sction should be initiated in order to atop at a further se-
lectod point is quits good after only a few tries, The assumption has,
“therefore, been made that the operator of the SRID. is canable of anticipating
his stopping point for a braking mansuver executed at some position and
velooity, The transition time to move from the ascelerating to the braking
configuration has been assumad not to enter into his caloulations, Certain
maneuvers shich the operator must perform will have to be made familiar to
him during a training period in some sort of a tether rig. Among these is
the braking maneuver, As in the case of the studant driver, the potential
SRLD operator will have to learn the brakes, This must be done for both
horisontal and vertical flight. -

Other than the braking disotance estimation, the student driver
does not appear to anticipate to any great degree, but rather operates the
controls until consclious of a condition of overcorrection, at which time he
institutes a control reversal, (It should be pointed out here that the
sbsence of willly srratic steering operation ahiould not be taken as an
indication that feel ie immediately developed upon first encountering a
controls Rather, it appears to be an indication that the student has
developed soms feel through observation of more exmerienced operators of
the vehicla over a period of time. The contygl of the gus and clutch pedals
is a much better exsmple of this over-control effect since the student is
much less aware of the exnerienced operator's utilisation of these controls,
they being much less visible than the steering wheel), The assumption was
made that a similar condition existed for the operator in this swudy. There
is some reason to belleve that an oparator would ga n some foel for the
system even in the short time consumed by a single . light. However, in order
to keep this study conservative, it was assumed that no feel developed, and
that the operator would either apply the maximum posnible amount of force
to the controls or release them, Theres are two considerations involved in
arriving at this type of response pattern, One is that if the operator has
no feel for the controls, a response pattern must ba introduced to him which
does not involve gain. The other consideration is that the inexperienced
operator is limble to panic, and attention should be given to the mode of
operation which would be likely in thiz ocondition. One reasponse pattern
which does not require feel for the entire system,which may be introduced
to the cperator, is the application of a constant level of foroe to the
controls in response to a sensible error, Obviously, any force level except
maximum would require some practice to develop a feel for the control by
iteelf, althovgh free flight axperience would not be necessary for tlids,
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§ l It might be expected that an inexperienced operator, if he were to decide 3
; - T} he vas losine control, would panicj and in this state would apply the b’
E-v maximum possnible force to the controls to attempt to correct an inoreasing b

error, In light of these considerations, it appears that the SRLD should .
be designed so that satisfactory flights may be performed when the maximum A
poasible control forces are anplisl in responss to sensible errors, snd that ;.
the oparator be trained to operate the wehicls, initially,in this manner, -
The force whioh the operator applies was assumed to be equal to the foroce 3
vhich 95% of all potential operators would be capable of applying. _ i
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The author has observed, for the purpose of testing the validity
of the description of the student driver: automobile control response
pattern, several drivers, both experienced and inexperienced, in several i
automobiles with different control characteristics, The observed performance i
indicathe that the description is valid, ‘

B,  RFSPONST PATT"RN

If fesl were developed, the operator might be expected to apply .
a ocontrol foree which was linearly proportional to the error being cor= it
rected (Referance 2), If we define tho position error as /. , then we can L.
define the control moment which would be exerted as M = ot + olgt * osz

| T R
¥ i C, would probably he negligible in any case and would be ignored in a study 4
{ l . iﬂoludins feel (Refersnce 2), Considering only one term of the right 4
{ - 7 member (0N 4is chosen for this example) we would show a variation of moment E
v - withs. a8 shown in Pigure la. (C_ is assumed nepative). Since the operator ke

is limited in the size of the momoRt he can apply, the M vs  ourve must
be modified as shown in Figure lbs, Additionally, there is a threshold level |
of error,{l, , below which the operator would not be conscious of an error, |
and therefore would apply no moment, This results in a response curve of

the form shown in Firzure lo (these figures are not to scale). An analogous
development would detarmine the response curve for the L term. The unfore
tunate part of adding this elaborition to the study is that we cannot,

with any degroe of confidence, assign values to C_ and C,, the gains, One
could determine the values which most enhanced th§ oompu}ed performance of
the syatem but these would be optimum values and it would he overly opti-

' mistic to assume that the operator would develop optimum conditioned response
¥ to the system at a repid enough rate to satisfy safety requirements, 1 is
poesible, however, to assume that the operator is instructed to apply the
maximum possible force to the controls as soon as an error is peroeived,

While this will lead to an over-gontrol condition, the tvpe of flight path
vhich rasults may he prodicted and control geometry chosan to allow safe
flight within this fromowork, This approach was taken in this study, If a
successful flight, primarily a safe one, may be accomplished this way, then
any "fecl" developed would only enhance the performance. The control response
for a "no skili" type of system would be that shown in Figure ld,
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The question will naturally arise as to how different the flight
predioted by the "no feql" systom will bhe from that expected from a oystem
in which the operator has developed a certain amount of feel, This must
be anewered in two partss

If the flight is completely "on desipgn" it is to be. expected
that the two aystems will differ pgreatly since the oscillations about oorrect
attitude values which are expected in a system with an unskilled operator
would be slight in a system in which the operator has perfuct feel. However,
it may be seen that in a ayotem in which errors were lisble to increase
rapidly to a magnitude requiring maximum,contro% force, the integrated control
. . L1 T Yy
noment over & time T, considering gu:\.n.‘;0 Mt fn Cem o, Ayr * M"“(T'tm"“)
is not too different from “mnx T onee the error is introduced, and the dynamioca
of the two cases is quite similar,

(The increase of the error, after the sorrection is initiated,
is large oompared to that during the reaction time), This would indicate
that onoe a large attitude or rate error had occurred, the behavior of the
system with feel would, at least for a portion of the flight, be quite
similar to the behavior of the system as herein defined, It may be mentioned
that a linear represontation is valid only for a system with random input,
sincs tha experienced cperator would otherwisa anticipate future errors,

¢,  VIHIOL™ GYOMRTRY

A general vehicle geometry must, of course, be defined in order
that performance and stability may be determined, The first obvious requirew
ment is that the operator must be ocspable of leaving the ground, This may
be accomplished in two ways if rockets are omployed. The first is to proe
vide some vertical thrust component which is amaller than the operator's
weight so that when he jumna up, his time off the ground is increased and
he may translate horisontally while free of ground contact. The disadvantage
of this system is that the operator cannot to any groat degree control his
vertical position and may return to the ground at a rather disadvantageous
position, The other poasanibility is to provide a vertical thrust component
which is somowhat larger thun the operator's weight so that he may control
his time off the ground within the limits of the duration of his propellant
supply. This aystem promises both inoreased performance and improved safety
and ia the one considersed in this study. It is felt that a prototype vehicle
which is basically what is considered herein should have a tgruut not too
much greater than the operator's weirht, since a vehicle with high levels of
upward acceloration available might "run away!" with an inoxperienced operator,
The maximum thrust of the vehicle which was considernd in this study is taken
to be L1l timey ns great as the tekeoff weight, however, the effect of
inoreases in thrust on performance has been investigated, and shown promise
of oconsiderably enhaneing performance. The takeoff weight of the man~SRLD
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system considered herein is 260 pounds including 45 pounds of propellant. g

72
P M T

Since, with a low thrugt to welrht ratio, climbing porrdrmlnce b

- : will be quite poor, it may be expscted that the system will operate in close o
g 3 preximity to the ground, High downward acoelerations are therefore neither P
) ' - desirable nor necasarry for flaxible performance, Also, it is desirable to b
. ' keep the thrust lovel above the point at which unatable engine operation g
3 * might occur. Since the inability of the operator to obtain thrust when b
X | desired might have dangerous conseouences, it is felt inadvisable to attempt -3
{i . regtarts in the air since a large portion of motor failures ocour at ignition, N
8 B Additionally, since, as will be discussed later in more detail, the motors -

b which provide the vertical thrust components are also employed to provide ;
- other of the required foroes and moments, it iz considered desirable that A
k- the ratio of full thruat to idle thrust not be too great. Since all of theas 4
:? ) ocongiderations indicate the desirabllity of a fairly high idle thruat, a i

¢ ' ratio of full to idlo thrust of 2:1l was selected. The computed garformnnoo 3
¥ results showed this to be a satisfactory ratio, The linkage controlling 3
b . the thrust was designed and the value of idle thrust as yleided by this »
; ; design was 157 pounds, compared to & maximum value of 310 pounds. (A pros k.
: p:lg;?t load of LS pounds and an Isp of 100 seoonds were assumed in this 2
% 3 study). 3

The attitude whioh the operator asaumed was next considered, |
‘ It was felt that the oparator would be the most ad ease in a head-up E
.] attitude, ao the performance requirecments were considered to determine whether ]
the system could ba 50 constructed that thias attitude vas feasible, It wae
determined that the drag at 60 miles per hour, which speed the operator 4
] would certainly not wish to exceed, was only 32 pounds for the operator ] g
]

flying forward and essentially upripht. Since the thrust deflection angle | 4
required to develop this value in horisontal thrust (with a total thrust of ’ 3
310 pounds) is only some sleven and a half degrees, thers is certainly no
reason to require larger pitch 'npgles from this standpoint, The horisontal
aeoolcratign correanonding to this thrust level, at takeoff weight, is 7.13
£t per secc which the results have indicated is quite adequate, The legs ,
would hang down below the operator, since restraining them in the sitting : A
position would reqvire additional system weicht and would only deteriorate * P
their value as shock absorbers during landing, Additionally, os was dee 1
termined durinet the computer study, some motion of the lepn will be required
durine the flight to trim out the CQ chift as propellant in utilised, or

the fore and aft pitch control torques bacome markadly aaymmetrie, (This will

have to be a trained rosponse, but this should be posnihle hefore frae
flight is attempted),

. It 1is now apparent that the thrunt axis, when undeflected, should 1
be parallel to the vertical centerline of the operator. To prevent the thrust .
]' from exerting a torque about the CGd, in the undeflected position, the thrust 3
axis must, of couras, pass through the CO, Since the tankape and the bulk ]
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of the other system components are on the operators back, the combined 00
of the syotem is somwwhat above the operators waist and fairly far back,

80 that if a single motor were mounted below tho back pack, the thrust

axis might be arranged to pass through the system CG, The altornative of
pleoing a single motor above the operator's head is neglected for obvious
reasonas, The objostion to employing a sinrle motor below the pack i1a the
difficulty of, through a simple device, obtaininn a torque ahout the vertical
axis to induce a vawing motion without indueing roll and piteh moments, The
next alternative is to sunply two motors arranged either fore and aft or
/aide by side, The side by side disposition is chosen since the major
expeoted motions of the operator may be expested in the plane containing
(tho operators vertical axis of symmetry and his roll axis and arranging

the motors symmetrically about thias plane alloms the use of motor gime
balling, in a direction in which there is the le et possibility of the
exhaust impingine upon the onerator,

To determine the form the remainder of the sys‘em must take,

consideration was given to the flight plan which the operator is to be
required to follow,

D. TELATIVE MAGNTYIUDRE OF VARIOUS MOTIONS

Provious studies (See section on Human Tngineecring, Ref. 1) have
shown that the time required for an operator to respond to s stimulus is
proportional to the number of different piaces of data which make up the
stimulus, and the number of different controls which the operator must make
a decision to manipulate in rosponse to the stimulus, It is thus anparent
that a vehicle which dperated in a two dimensional format would require
somevhat less acouity of reaction on the part of the operator than one which
moved in threa dimensiona, Unfortunately, there is no way of restraining a
free flight vehicle to move only in two dimensions., It is possible, however,
to reduce the complexity of the decisions which the operator is reguired to
neke br specifying flight plans for training which require mansuvers to bve
performed in what ls basically a plane, with all othaer control motions used
only far the purpose of restraining the flight to this plane, The operator,
then, 1s relieved of the roquirement of executing and coordinating several
simultaneous maneuvars, Considering the flight time which is attainable with
this system (approximately 17 or 18 meconds as a maximum), it may be seen
that the number of maneuvar cdecisiona vhich the operator must make is cuite
high compared to the flight time, and 1f he should pet himself into a come
bination of attitude, position, and velocitirs wiich are incompatible with
safe landinp, he may well find that he has run out of nronellant before
he 1s able to sort out and correct the multitude of errors,
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" be used to control pitch oriantation, As mentioned, two motors are pro=-
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'The mission which it is most desired for the SRLD to peisform
is vhat is basically a long jumps This maneuver may be carried out, in the
absence of any perturbations of the desisn flipht, entirely in the pitch
plane, The controls which are required for flipht in this plane are a throt-
tlable motor which has been previously disoussed plus a control which may

vided which yield a thrust somewhat greater than the loaded weight of the
system parallel to the vertical axis of the operdor. 4 horisontal thrust
component which is sufficient for flight requirements ocould be obtained
by pitching the operator and the thrust vector forward several degrees,
Additional use may be made of these motors if they are so mounted that it !
is possible to rotate them so that a pitehing borque may bs produced. The

reaction of an operator, as has been stated previously, will vary with the :
oomplexity of the correlation of stimulus and control motion, Consideration
has bean given to this in selecting the proper axis of the motors.

R, POSITION OF MOTOR OIMBAL AXIS

ot et  fE i g e it s Bl i S e g TR Gl b et
FIge e 3 -

= e L,

It was determined that the reaction time that could be expected
in a situation where the type of reaction and the type of stimulus were
known and correlated, but the sense of the stimulus and its time of occursnce B
vere unanticipated, would be approximately 1/h second for the average une
skilled operator, (A value of eithar ,26 or 25 was used for convencience
in the various computer routines to make it an even multiple of the computing
interval,) If a vehicle in to be oparated through the manipulation of a
series of controls, then the correlation of error direction and required 4
control deflection may he greatly simplified, and the npeed of control response
improved correaspondingly if for all cases of error, the Airnetion in which
the control is to be moved is tha same #s that in which the control force
is desired, Considerine first the control of horizontal velocity and pose
ition, it is apparent that if the oparator desires tc go forward, he is
rnovired to provide a forward thrust component, For the cass of s vehicle
which is operated so that an initially vertical axin remains es:entially
vertioal throurhout the f1lirht, with the motors so disposed that when at rest,
thev are parallel to the vertical axis, the roquired forward thrust component
would he obtained by rotating the thrust axis of the motors so that the di«
rection of the thrust axes was up and forward (the upward thrust component,
naturally, counteracts the pull of gravity), It is upparsnt that if the
control linkare is so arranged that the thruat axis is alvays parallel to
the control lever, tha reavivement that the motion of the control be in
the same direction os the desirod motion of the vehicla (in this case forward)
10 satisfied, If the axis about which the motora pivot pansed directly
through the C0O of the gyotem, then no torques would be exarted about this 00
and there would be no chnnpe in the pitoh inclinition of the system. Une
fortunately, the CO is hound to shift as propellant is expended, and other
perturbations such as asrodynomio forces and motions by the cperator are
bound to induce upsettinn moments which vwill result in changes of piteh
orientation, Accordingly, it becomes necessary to provide a means of
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supplying a restoring torque. The motors which have already been made
available to provide horisontal and vertical thrust components moy be used
for this purmpose if the pivot axis in ‘dsplaced abovo or below the CO,

If the motor pivot were displuced below the O, then pivoting the thrust
veator from straight up % up and forward would cause the system to pitch
backward, This, it may be aseon does not satisfy our requirement that the
motion of the control systom be in the same direction ns the required motion
of the vehicle. This requirement may be satisfied by displacing the pivet
axioigf :zo metors above the CG, which is the goometry of the vehiocle herein
considered, :

Several additional considerations are involved in the determination

of the position of the pivot axis. If the pivot axis is pl-ced too high,
scnesitivity 48 too high snd the limits of motor deflection must be kept
amell whereupon manuf cturing tolermces become increasingly sinnificant,

If the motor axis is placed too low, then the arc swept by the thrust vector
(vith a ressonable deflection) between the stops may not always inolude

the CO as it moves with propellant depletion. .Although the operator will
probably be required to move his legs to trim out the 03, it is still felt
that it is desirable 4o g0 dispose the motors that pitehing torques in both
directions are always available even without this CO trimming,

It was found that apacing the motors 15 inches to either sids
of the vertical axis of the operator would keep him free of the exhaust blast
and still allow a compact design., This value was used in these computations,

F»  ROLL, YAW AND L\T"RAL DISPLAGMRNT

The motions which still remain, and for which corresponding
ocontrols must be considered, are yaw, roll, and lateral displacement, Since,
as was discussed previously, {light maneuver requirements would be limited
primarily to the pitch plane, it is not necessary to provide controls intended,
primarily, for effecting larne translations in the lateral directicn, Our
oconcern will be primarily with effecting roll and vaw stability. The con-
trole provided for this purpose allow the lateral displacement to be controlled
but it should be understood that the control of this motion will basically
be limited to keeping the lateral displacement small

G, CRIT"RIA FOR ROLL AND YAW STARILITY

The most 1likely source of a disturbance which would cause a
lateral shift is a oross wind, This could be gorrect:d for by holding a
small roll anple so as to provide an upwind thrust componant, It is felt
that roll stability may be demonatrated if the vehicle may he shown capable
of performing a ochange in roll orientation with no unduly large osoillationa,
An investigation of this control requirement wan made with a one degree of
freadom analveis employing an IBM 610 digital computer., The control momeht
wae assumad to be provided by a differential thrust between the two motors
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. with a mucimum valuo of 10 pounds at full thrusts Thu other alternmative :

) for holding the lateral translation to a low level would be to vaw the vehiocle %
into the wind, It was decided that if the vehicle could be flown in the b,
greunoo of a crosawind, with the heading of the vehicle adjusted ao that & -

] the operator always faced hia objeotive, ond it could be shown that no large .

heading errors developed, then it cculd he consluded that satisfactory
yaw control oxiasted. It must bo reiterated that-this and the roll study

3 are not Airected primarily at determining the vehicles applicability in cone . o

: ] trolling lateral displacement, but rather to determine the systems roll ' %

‘ and yaw stablility when controls affecting these items are used to correct R
s perturbation to the pitch plane flight, Yawing moments are produced N
] in the system considered by fixing a jetevator to ona of the motors, This |

Jetavator may be pitohed fore and aft, and vill produce a maximum of two b

3. pounds .of thrust normal to the motor axis at full thrust., Yaw performance R

E: was ‘studied in a two dimensional trajectory which was run on the IBM 610, I

Motion was confined to & horimontal plane, '

- In keeping with the concept of making the direction of the -
control movemants as nutural as possible, the roll osntrol was so designed as - '3
to cause the vshicle to lsan in the direction in which the stiok was tilted ;
and the yaw control mnde to rotate about a vertical axis so that the vehicle
would rotate in the direction in which the control was twisted,

He  SUITARILITY OF TWO DI'I'NSIONAL STuny

A free-flipht vehicls is, naturally, capable of six modes of
motion translating alonz and rotating about three orthogonal tody centered
axes, Sinoce a two dimensional analysis was employed in the prineipal part
of this study, it scems desirable to show justification for t"is method of
anproach. If a vehinle is intonded to nerform maneuvers corresponding to
motion in all aix modes, then a three dimensional study would be required,
However, if, as in the cara of the avatem under study, flights may be made
with maneuvers required in only a few of the posmible modes of motion, a
study may be set up which involved only these modes, with accessory studies

]
]
]
]
]
]
:] made of stability in the othor modes, The basis for this is the oonsidere
]
]
]
]
]

e 4l
e

ation that if controllability in the dircctions other than those involved
in the intended maneuvers is nood, then maotion in these non-mansuvering die
rections 13 ouite limited and haa only a minimnl effect on the performanca
of the intended maneuvers, The primary objeot of the system being considered
baing to6 allow the operator to jump ovar ohstasclen, tho flight plan whioh
is of primary interost ia one which lies complotely in the piteh plane,
Accordingly, a two dimensional analysis has been evolvad to mathematically
represent flight in the pitoch plane, This study has boen programmed and run
. on an IBM 704 digital computer, The dovelopment of the eruntions of motion
it quite lengthy and has baen inoluded neparately in the anpendix. The
equations of motion employed for the vaw and roll astudies, being basically

;1@11!‘10&%10“ of the pitch plane equations of motion are not detailed’
erein,

e
|
b
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Io  OP™RATOR IOGIC IN THT PITCH PIANE

Considerine flirht in the pitch plane, we find aix pieaxs of
data which are of concorn to the operatort vertical position, vertical
valoolty, horisontal position, horisontal velocity, npitoh inolination, and

. pitch rate; It may be expested that any one of tiiese or any combin-tion

of these items may, at any time durln the £lisht, differ from the values
which the operator desires to maintain. 1If only a single one of these

items vories, the correction to be made is obvious, hoth to the operator and.

the analyst, Unfortunately, it must be expected that several of these - .
errors will require correction at onces The correotions required by these
several simultaneous errors may be incompatihle, Therefore, in performing
this type of study, it is required that prediotions be made as to the order
of importance assipgned by an actual operator to the several concurrent
errors,

1. Opsrator Safety
One basic assumption which may be mude is that the operator

will be more concerned with personnl safety than with satiafying the mission

requirements, Tha misaion requiremonts concern, hasically, only a change

in position, Cafety requirements may be though of as being concerned with
rates as a funotion of psaition, It may be expeoted that the primary concern
of an aotual operator would be to keep his downward velocity to a safe level.
In this study, a value of 20 feet per sscond hus besn chosen., Considerin
the weirht of the pack, this velooity, which ias equal to approximately a
foot free fall, seems a pood approxination of the maximum safe impact
velocity, Since he could decelerate while descending, this leaves the
operator with some safety margin if this velooity is attoined at a distance
above the pround, As will he sesn later, the {ree flinht altitude range

for the system chosen is auite limited, #mo that other factors affect the
vertical velocity before thu desinn 1imit speed is rcached, - It should be
mentioned that a loric branch exists at the bepinning of the computer sim-
ulation of the onaratorts lopic vhich unconditionally instructs him to cut
back thrust if he pitches more than 90° from vertical so that the downward
acoeleration is minimized, This will alno need to be a learned response

on the part of the nctual onerator.

It would at firsat appear that tha operator might be more
concerned with pitch orientation than with pitch rate, Howevar, it will
be teon from the romulits of the sindy that the anpulnr accolerations which
must be avallable to the operotor in order to perform a mission are so high
that the operator must le rn to roaspond to pitch rate hofore plteh oriantation
in order that the pitch oscillations of the system not be divergent. Since
it may he prodicted that the operators would, of himself, consider remaining
upright as his primary safety consideration (except for the maximum downward
velooity consideration, which, as mentionnd earlior, dooa not anter for a
vehicle with the performance of thut considered here, and the compulsory
thrust redvction for pitch angles over 90° in which case the operator ia
in uncorractable trouble anyway), we may consider that the learned pitch rate
response will be the primary controi reaction both during an actual fliyght
and in this atudy,
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A maximum upward voloeity should bo opecified, since
duration is ghort and the onerator should not be put in the position of
rising so fast that he is unable to halt his upward velocdty and return teo
the ground bafore his propellant in expended. A maximum upward velocity
of 20 feet per scoond was chosen for this study., It wes found, however,
-that the ayatem capability 4n such that axcesnive upnard velocdity will
not be a problem for flights across {airly lavel ground,

A maximum horigental velocity should he specified, apain
to avoid placing the operator in the poasition of having insufficient pro= -
pellant to decelerate to a safe londing speed, A value of 30 feet per second

vas selected for this study, and thie appears to be a reasonable valus for
test purposes,

The safety considerations mentioned may be represented
by the loric network of Figure 2. This figure diagrams only those tests

wgich the operator would make in the interest of flight safety in the pitoh
plane, ' '

2+ Mission Reguircments

: Next to be considered are ths tests which the operator
must moke to sntimsfv mission requiromenta, As mentioned previously, these
concern mainly changes in positions An attempt has boeti made to write the
program in such a way that the flight puth which is computed duplicates as
closely as possible that whioh would be followed by the actual operator.
This involves the introduction of maneuver commands in the program at such
s time as the equivalent thought might be sxpected to ocome to the actusl
operator, This process is illustrated in Fisure 3, Assuming that the operaior
has selected a target point and a oruise altitude, his first decision would
be to rise from the grounds This decision is reprasented by setting the
first roquired altitude (hro) to thy cruise altitude and the first required

horisontal displacement (x_ ) to zero. After the oparator has risen soveral
feet (to altitude he), he £8uld make the dooision to translate toward the
target point, This is reprosonted by setting x. oqual to xs s the range of
the target from the takeoff point, Then the opSrntor reoei }l the information
that hils x position is in error, he ants Liis required pitoh orientntion such
that he will translate toward the $arnet, For a thrust of 310 poundy, and o
a welpht of 280 pounds, it is found that the thrust axis may be pitehed 25.4
from the verticnl and the vertical component of tha thrust will be equal to
the vweipht, It is oonsidared dnsirable that the thruat axis inoclination
in flight does not exoeed this value, Since a maximum pitch orientation
error of 15° was set ag an achisvable goal for the vehicle, a design pitoh
angle for oruise of 10° was arrived at., Thus, vhen the opevator raceived the
information that X, is considerably greater than his present position, x,

he ;m fp» his required pitch antle, to +10°, and attempts to hold this
angle.
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Jo  FRROR JUDGMENT

-

b . At this point, some discusasion apropos to threshold values of

j. ' error sonsing, and judgment aceuracy 12 in order. Tests of ssveral indivi=-

ki dials indicated that over distances on tho opder of 10 to 100 feet, the

distance could be estimated within approximately 208, This figure is cone
servative sinoe distances were estimated as a number of feet which involved
entimntion of both the dintance and.the length of a foot, However, it

was decided that this conservative figure would be used in preference to data -

presented in the literature wiioh indicated extremoly small errors in distance
estimation under carefully controlled lahoratory conditions. It was felt that

it would be unrealistic to employ this data in a synthesis of actual flight
conditions, This was taken to indicate that if an operator with only visual
roference 1o a textured ground plane attempted t6 hold a constant altitude,

he would become consolous of an altitude error vhen he had departed by 20%

from the desired altitudes, In Firure 3 this is indicated by the two lines

h, *Khadh, = th which bracket the desirad altitude h, . Thus,
o (-] : ro

we would expect the operator us long as ha was betwoon the two bracketing
lines, would consider himself to be at altitude h, . Several further ex-
° A .

trapolations have been made from this data to generate other portions of

3 : the methematical definition of the operator. Though these extrapolations

‘ are largely intuitive, it is felt that they are of sufficient acouracy to

be vaeful in this study, One extrapolotion is that the operator is consolous

of not being direotly over a ghosen point when his x distance from the point
is greater than 20% of his altitude above the point in question. The other
extrapolation is that when the operator is some distance from a target

point, his error in the judgment of horivontal range is equal to 20% of

the slant rangs to the target. Although some data was found whioh indicated
that smaller values would be detectible, 4t is assumed, to be conservative
that the operator was conacious of motion when his velocity exceeded 0,2 feat

per second per foot distance from his referunce point,

L

P PR W R

In developinn the analog of the braking distance estimation,
geveral assumptions were made,

| WP WP IV WP P PR BPRy PR I

First, it was assumed that the operator had been trained in a
tothered rig oo that he wos conscious of the horisontal dogolorltion rate
of the vehicle when pitched hack to the desipn anele of 107, and with the
thrust at both tho maximum and idle levels, He was also ussumod to be familiar
with the vertical daceleration rates, both when an upward velooity was being
reduced wWith the thrust out baok to idle, and when a downward velocity was
being reduced by applying full thrust, '

Secondly, the assumption was made that the operator, in the event
that the thrust was at neither the maximum or minimum setting would make
his braking estimations on the basis of whichever one of these stops the throttle
was being moved toward since he would expect that the thrust would be at that
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++ leval in a fraction of a nocond. If the throttle were being held in a cone

stant position, it was assumed that the axistant thrust would be used in
these computations.

Also assumed was that the operator knew his velocity exiotly and
the distance to the point at which he intended to stop to an asccurdey of
20% of the slant renges The operator was assumed to over-sstimate the dise
tance which made the atudy conservative since it wua expectoed that reveraing
direction would require more precpellant than correcting an undershoot, The
opsrator vas also assumed to know his vertical range to the desired altitude

within 208 of his own altitude, the error being again on the overestimetion

“side,
K. DFPARTURRE OF PRYIICT™D FROM ACTUAL PFTRFORMANCY

It may be seen that the possibility exista that considerable
acouracy in predicting actual flipght pathe was lost through this series of
assumptiona; however, the pradiction of vehicle stability is not affected
since this is concerned primarily with attitude and angular rates, The

trajectories determined differed from the axpected actual trajectories mqihly

in the siye of the overshoot predicted upon landing, The interpretation to -

- be placed ypon the resulta ingageing horisontal range capability 1s that they.
i

actually represented attempte ghts over somewhat differeant distances

than those specified in the computer problems, Since none of the assumptions
anpear greatly unrealistic, it is recommended that the target misaions for
prototype vehisles ho held within the range of the computaed trajeotories
until considerable Iree flight data has been obtsined so that ocomp :rison may
be made with the computed results, It should be borne in mind that the teat
pilot will have t0 bs given instructions and ground twining in the operation
of the vehicle, and if the training is such that the operator will perform
the horisontal braking maneuver uaing the rules assumed for the study, then
the actual flight will be quite similar to the computed flight, The dif=-
ference will come in when the opaerator is allowed to deviate from the rinid
set of flight rulea. This, being a rather important point, should be dis-
ocussed in some detail,

It 1s assumed that the operator will attempt to brake his forwvard
velocity be pitching back to the design anple of «10° and attempting to
hold this angle, Since the operator will, conourrent with the horisontal
braking, start his descent, an actuval operator will in all likelihood de=
termine that he may increase his horisontal braking bv pitohing further
backward, The reason for the design pitch angle as selected of 10° was
to make available to the operator at all times a vertical thrust component
greater than his weight, An actunl oporator, rensoning that he requires
for a period of time a smuller amount of vertical thrust and desiring to
inorease his horisontal deceleration will be sorely tempted to temporarily
increase his hackward pitch, This would cbviously make a granter horisontal
‘thrust componant available and decrease the overshoot,
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vertical of as 1ittle as 0.8 degreos, o be.conservative, it was assumed: "

: It has been mamtioned that a threshold value for sensing the
presence of a velooity was defined. The object of this is to inoclude the
analog of a pilot indgmons to the effect that if it aopears to the operator
that his position is ocorrect, thon, when he sensos a velocity tending teo

to resiat this motion.

oarry him away from thies position he will spply the appropriate control force

L. CHUISR ALTITULR , _ _
Returning to the desoription of the flight plan, the operator

- has selected a pitoh angle of +10 degrees for cruise and attompts .to hold. .

this value, . &tg:ri’nimt."hu shown that a mon osn sense a deviation from the

“that the opeéritor wais able to sense a 3~ or greater deviation from his de~
sired pitch orientation, He would therefore react tg correct his pitoh
angle when it became greater than 13° or' less than 7°, As mentioned pre-

vioudly, the operator must be trained to respond to pitch rate before pitoh

angle, and it wae assumed for this study that the operator alloved a maximum
pitch rate of 10° per second. Higher values were investigated but Port‘amwc' .

deteriorated rapidly as the allovable piteh rate was inoressed..

~ The o ,o."ntor will continue to uooéhn_ta forward, holding his
pltch angle near 10° and his altitude near the desired value until he either -

reaches the maximum allowable cruise velocity or the point at which he elects

to initlate braking to stop above the target point, If he ronches hia
naximum cruiae v.ulooi.'oya he will set the desired pitoh angle to 07, and

if he exceeds it to «10°, If he elects to sommence braking he will set the
desired pitch angle to «10%, Upon reaching a point which the operator cone
siders to be above the target, by the roquired altitude is set to sero.

The operator now attempts to stay,within his ability to judpe, above the
target point as he desoonda,

M.  LANDING ROUTINE

The cperatorts lopic in effecting a landing is deploted in
Figure 4. Assuming that the vertical velocity is downward but .lces not ex=-

ceed the allowable downward velocity, |V7°| s the operator tests whether

he desires to land (in Hy =07 ), If he does, he tests whether his horisontal
velocity (V4 ) 1s excessive, The allowable horisontal speed when landing
(Ve ) was set equal to the apeed whioh it was expectsd the operator could
run atr Vy FORVARD * 20 fest per second,V, A " 10 feet per second, Since

the study considered oafety as more important than performance, it was felt
that the conservative sense of the eatimation of veloeity would be the
gndorutimntion of velaoity, Accordingly, the test is vhether Vy AFT ©

Ksh Yy < Vo ponwann * Ksh. where KS 10 equal to 0,2 ft/soc/ft altitude
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and 18 the sams cceffioient as that used in the earlier test of whether any
veloocity was apparent, If the horisontal velocity is excessive, the operator

_ increases thrust to postpone the landing, If the horisontal velooity is .

within the allowable range, the operotor tosts to see if he is within the
specifisd horisontal distance from the desired landing point. This distancs
is defined an4\X, in Figure 4, and the judgment tolarance, Khh is applied

to it, If the operator detarmines that he is not within the rango|anﬂ1‘A*§, -

* K he increases thruet to forestall landing. If it is determined
that'he 43 Within the nange, he mext atiera 8 pitoh orhntatiomnd

piteh rate, If they are in opiposite directions, his pitch conditions are

. - Judged satisfastory for landing and the approach to the ground ney be. cone

tinued, If @ and # are not in opposite directions, the next step in the
program 18 to test whether both are mero, ' (Thias teat ia nedesdary to'the
computer logio, at this point in the program, The or er of desisions is

) somevhat different from that in which they would be made by an actual

S 181> 84 )e.. The allowable pitch ‘rate at landing,

operater, but the end result is the same). If both @ and @ arc sero, the:
descent may be gontinued, If the valuas of either is not sero, it is tested
to ses if it exceeds the allowable landing values (a pitch ordentation of
1/2 radian or less wan assumed allowable st landing, the test being whather
aﬁ,‘, was assumed- to-be 1
radian per second, Both of theve values are larger than those allowable

in f1ight, but they will,occour during control transients, If those tests

are besched, both f.and @ are in the same directicn, or one of them is mero,

I either case the requived direction of control deflestion for one would

. be the same as that for the othar if it ia nonezero, If these tests indie

oate that a corrsotion is requived, the operator tests whether the pitsoh
control at the time is deflected in the required direction, 1f it 1s, he
inoreases the thrust to assist in making the corraction; if not, he simply
continues the landing sequence, This saeries of tests is continued until a
landing is effected, conoluding the flight,

N.  ROLL AND YAW 1L0OIC

The computer lopic for the study of motion a'»out the roll axis
is similar to the logic employed for the study of motion about the piteh
axis, The logic of the vaw control study departs somewhat from the pitch
and roll logic. The reanuired orientation was speocified to he one in which
the operator fuced the tarpet vith an additional test being made, vhich
over=rode the others, to assure that the vaw r.te with resnect to the ground

was not excessive (a maximum allowable rate of 1 radian per second was
assumed for this study),

0.  MODFL OPTRATOR

The physical characteristics of a typloal operator were defined
for the acmputer study and appear in Section II, Refer-'nce 1l,' The relatione
ship of physiocal characteristios, such as locations of the center of gravity

and moments of inertia, to the aquations formulated for the computor atudy
will be described,
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1, Quasi-Rigid Body

The modol operator was assumed to he & quasi=rigid body
composed of ‘two rievid components hinged together, The OOﬂronenta repressnt
the upgdr and lower parts of the operator's body and the hingg represents the
hip Joint (Finure 5)¢ The weljht of the upper body is 95,2 pounds and the
welpht of the legs is 64,8 pounds, The distance from the operator's heels
to the hip pivot point is 39,5 inches. A SRID 4s pl ced on-the operatorts
back which, it is assumed, weighs 75 pounds empty and is capikla of containing

45 pounds of fuel,

Centers of Oravity for ths-Ma

. o achine: Combination

The location of the C,a, of the man.machina combination ia
.gsudont.upon the location of the individual C.U.'s of the operatos and
SRID at & given time, The C.Q, of the man~machine combination for the
initial and burnout condition is shown in Figures 6 & 7. Fizure 6 indicates
the location of the Osfls for the SRLD and upper body for a full and empty

- fuel: tanks - The C.Q, of the leg is also shown to be locatyd 17 inches

below the hip pivet point, which corresponds to the distance Yy illustrated -

in Figure 2, Appendix A,

The location of the combined upper 0.0, of the body and

SRLD is plottad as a funotion of fuel consumed in Figure 7, Because of the

unique shape of the fuel tank, the location of this composite C,0, will

shift laterally to one side of tha vertical ocenter line and back again

- as fuel is consumed, This phenomenmis illustrated in Figuve 8,

3. Moments of Inertia for the Man-Machine Combination

Moments of inertia about the pitoh, yaw, and roll ames
for the composite of the upper body and SRLD in the loaded and empty conditions
and the leps were computed, Results are tahbulated below.

MOMANT OF INRTIA, SLUG FT°

Pitch Yaw Roll
Upper body and SRLD

Propellant Tank Full 3.30 1.79 3.61

Upper Body and SRLD
Propellant Tank Empty 2.7U 1.31 3.

Legs 2,26 0.2l 2,40 i
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. Lo Genters of Pressure and Body Drag

The loocation of the centers of pressure ((.F,) for the
~  upper body and legs are illustrated in Figure 5. A flateplate analogy was

B S ek o

ﬁ assumed for computing the locations of CoPs and the drag forces, D, and D, i
%; and D. shown in Figure. L, Appendix A, were computed as described in Reference 3, kY
;%A The d;ag factors, fl’ ‘2’ and {3 appesring in the equations on Page 10, _ %
ﬁ, ~ Appendix A, were computed to he 0,002, 0,005, and 0,003 respectively. §

Py FLIOHT DYNAMICS WITH MOVING CENTFR OF QRAVITY

P " . The firot series of flights considered wers "on design" flights

ki with né perturbations due to winds, body contortions, thrust loss, ete, The

! " method of approach used was to determine a control geometry which allowed

i3 stable flight with the operator and system capibilities aa defined, Various
i controd geometiries were tested, with the intent of producing a flight of

i 100 foot length at a 30 foot cruise altitude, However, the first group of

¢ flights was unsatisfactory, a trajectory typical of this group being that

1 shown in Firure 9. Here, the vehicle flew haokwards for almost 500 fest,

gl with ground impact occuring at vertical and horiszontal velocities of 27 and

R 28 feet per second, respectively, The onerator, during the first portion

b of the flight, evidenced an incapability of holding a forward pitech orien-

i tation, later in the flight the problem changed with the operator pitehing

si further forward at eaoh pitch oscillation, Inveatigation showed that the

0 . problem was created by the shift in C,G, as propellant was consumed, As

b stated earlier, it was considered necossary that the range of motor deflection
- 5 in pitch bracket the entire range of 0,0, travel. A pivot position diraectly

b ! sbove the 0,0, looation with the propellant half expended was selected to

A minimise the motor torque asymmetries, This is obviously only a compromise, :
¥ ; with asymmetries atill present. The motor was positioned 11 inches above '

3 : the mean C.0, for the trajectory illustrated in Figure 9. The limits of ,
b the motor pitoh travel were plus and minus 8% (Lator studies indicate that !
¢ these are near optimum values), The operator impacted at a pitch angle of

. 83" for the case under discussion, The small figures super-imposed on the

E figure show the pitch orientationg at the peaks of the pitch oscillations,

The pitch angle (@), pitch rate (5), and motor deflection angle (@y,n..)

{ during the final three secunds of the flight are plotted versus timp in Figure
10, As can be seen by comparing the slopes of the portions of the § gurve 1

corresponding to positive amd negative motor deflections, the angular accele :
eration due to the motor baing deflected to + 89 is considerably higher
than that due to a deflection of «8°, Since the operator was operating the
controla in response to excess pitch rates, with oqual reagtion time and cone
trol force in both directions, there is conaiderably mores overrun of the

. pitch rate magnitude in the forward pitching directiom, causing the mean
pitoh cate to be forward, This results in a diverrence of @ with time,
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Since the configur tion of the system does not allow the

"hordsontal thrust oomponent to be controlled in a manner completely

independent of pitch orientation, control of horisontal position and velooity
is lost if the operator is unable to dequately control his pitch orienta=
tion. The flight depicted in Fijure 9 illuatrates the point, During the
first part of the flight, the operator was able to rotain some degree of
control of pitch orientation in that the piteh angle did not diverge.
lowever, he vas unable to maintain sufficient control of pitch orientation

to allow him to hold the system in the pitched forward altitude required

for forward translation, and the large translation backwards resulted,

Qs ALLOWABLR PITCH RATE

The maximum allowable pitch rute was set at 10 degrees per
second, It was found that a larger rate (20°/sec was tested) aoad to loss
of control in the first pitch oscillation, A smaller value (5° second was
tested) caused the same type of divergence ag was exhibited in Figure 10
and was felt to be less satisfactory than 10°/scoc since it required that
the time during which a pitch coritrol setting was held be less than the
operator's reaotion time (and was possibly too small to be observable),

Re  SOLUTION OF C.0. SHIFT PRORLEN

There are two possible solutions to the C,G, shift problem,
elther by designing the aystem so that the C,Q. shift is along a vertical
line (this may be accomplished by using a chair=like vehicls with the fuel
tank beneath the seat, but the weivht increase would make this imprastical),
or by having the operator trim out the C.0. by moving his legss The latter
alternative was selected as being more practical and the leg motion requipred
was determined, ;t was found that the legs would have to be bent forward
from the hip 12.6° at launch, and gradually moved to the position of bant
back 23,3 at the kneas at burnout:s This is a reasonable range of leg
motion whioh a real operator would be capahble of effecting, It would be
neoessary for the potential operator to learn this C.0, trimming motion
before free flight tests were attempted. A synthesis of this trimming was
added to the pitch plane program and further trajectories were run, The
tesults of these runs are discussed in Section U,

S,  THROTTLE LINKAGF

The maximum and minimum thrust levela having been previously
chosen,it was necessary to next dotermine throttle linkage geometry which
vas compatible with performance and safety requirements, and with sound
mechanical desipgn practice, The propellant flow control valv.es vhioh were
investigated axhibited high damping which made rapid operation difficult.
For this resson it was decided that the operator should be provided with a
high machanical advantage in the thrust setting range which would be uaed in
flight, A large angular motion may be achieved by the operator if a twist
grip is provided, Additionally, if a detent is provided to koep the thrust
from dropping balow the idle setting, once the throttle has been opened this
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3 . far, the operator may reposition his hand after bringing the thrust up to @
1;%0. It was determined that the throttle valve vould have to be opened é
75" to bring the thruot up to the idle value, with the other 15° of rotation s
‘ bringing the thrust up to the maximum value. A practical cam actuated contrel §
- : system could be built which effected the firet 759 of throttle opening with
. | 50° of oontrol rotation, ahd the final 15° of throttle rotstion with an b
E additional 50° of control rotation, This would provide an- average mechanical S
b advantago in the £light operation range of thrust setting of 3.33t1. Tho oam
i which was designed had thrust variation with econtrol setting in the flight
: range as depioted in Fimure 11, Starting with this contour, difforent spring
: and damping rates for the control lever uere studied, It was detormined
E : that the oparator would be oapable of providing anproximately 3 foot pounds
- of torque to the oontrol (Reference 1) and the mement of inertia of the
g/ rotating componenta was estimated to be .05 8lug=feet squared, It was found
. through study of a series of cemputed altitude approsch trajectories with
) varied control parameters that the operators alti:ude holding capability
. improved as the damping and spring rates were reducad, High damping resulted
" in slov throttle control with attendant larpe overchoots of the desired
b altitude, The damping was eventually completely removeds It was determined
ki that vhen a strong spring was inoluded in the syatem to close the throttle
5 . the capability of the operator in approaching the desirad altitude from boiow
A - and stopping at the desired altitude was improved, but that his approach
! - performance in descent deteriorated, It was finally determined that the
N only spring that shoitld be providad was a light one to return the control
i to the idle setting when the control was released. This is considered
o desirable from a safety standpoint, aince if the operator should find oause
o | to temporarily release the controls during flight, the minimum of attitude
‘3 | perturbation due to thruat moments would result at idle (it is considered
: undesirable to allow the motor to shut down during flight, though thia

4 of course, would result in sero thrust torque), The sontrol motiom for the 4
3 system selected, is defined by the equationt i

2
4o

MK 0=/
. ate

vhere M is the applied moment (plus or minus 3 foot pounds or wero), K_ is :

g the spring coefficiont (.15 foot pounds per radian » © 18 the contrel ? !

3 i deflection in radians (,874 minimum, 1.7E8 maximum), J L8 the polar moment
p ; of inertia (.05 slug feet sguared), and t is time in seconds, The contour

b : of the oam designed provided the thrust variation shown in Figure 11, The
; | squation of this curve is

i . Thrust (pounds) = 37,55 62 + 273.3 ¢ 52,6
(0 in radiana)

1 Page 20




S iR T e A T e

.. It may be expected that the best performance in altitude holding will ocour

when the availsble upward and downward acoeleration rates are equal, The
most critical altitude~velocity control problem exists at landing, Since
it may be expeoted that flights would be conduoted for near total propellant
duration, the earlier thrust level choicos are fortuitous since the system
vweipht at burnout would be halfway between the idle and full thrust. levels
thus making tha upward and downward accelerations equal.

It was determined through analyais of trajectory data for flights
at several design altitudes and ranges that after pitch control was refined
to allow pood attitude control, the thrust control,as descrided,allowed
consistantly safe flights and landings with a oruiae altitude of 15 faet
being specified. It was determined from computed trajectories with various
values of h, that the deocision to pitch forward and trinslate horizontally
could be naroly made when an altitude as low as 2 feot was reached,

T.  LANDING RAIXUS

It bocame obvious during the course of the computer runs that
accuracy in braking at a decired horisontal displ-cement was quite poor,
and the originally specifiesdax, (allowable landing radius) of 10 feet was
much too stringent a requirement, In the traiaotories in which this value
vas specified, the vehiclo ran out of fuel while the operator was attempting
to correct the overshoot which always ocourred, To ollow safe landings, so
that complets flights could be studied, AX; was arbitrarily increased to
300 feet, The landing logioc diagram (Figure L) indicatcs o test of the
suitability of the operator's horimontal position for lunding (ls ian-X|>
A%yt Koh? )o The AY, of 300 feet prevented the ursver to this test
from being 'yea" for all the cases which were computed,se that the command to
inorease thrust so as to forestall landing in the event of a "yss" answer
vas alvays bypassed,

Us  PITCH CONTROL GMOMETRY

Figure 12 shows the thrust veotor deflection in pitch whioh is
required to bracket the C.0, travel as a funotion of the elevation of the
motor pivot axis above the hip pivot axis, Since the type of gimbal con-
sidered could not be deflected more than 8°%, the motor pivot axis would have
to be at least 8 1/2 inches above the hip pivot.s A position 17.16 inches
above the hip pivot (11 inches above the mean C.0.) was found to be desirable
from a hardware geometry ntundpoint, and this position was sclected as &
basis for study, It was assumed that the motor caflection waa equal to_the
oontrol deflections’ A minimum pitch deflection of slightly leas than 2°
vould be required; howsver, since onerators will have varving builds, a
somevwhat graator getlection should be provided, A ranre of deflection
limits of b~ to 8Y was studied, Supplementary studies performed earlier on
the IBM 610 digitnl computer indicated that the use of a return spring,
which would act as a booster, would enhance the pitch control stability.

v
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The motion of the control, in returning to the sentral position ]
'* is computed assuming the spring force and the maximum force output of the .
operator both to be acting on the control. Since the operator's muscles
have a limitating rate of deflection, regardless of load, this is not always
the ocase, If the control deflsction rate due to the spring alone is ex-
tremely high, the operator would not be capable of exerting maximum force
in the direction of motion, Tt is felt however, that in the control cone .
figurations considered herein, the deflection rates are not this high, As 3
the operator discovers that the control deflection which he has applied has 'y
resuited in a condition of overcorreotion, he makes a decision to reverse the .
moment on the control, During the period of his rosction time plus the tinme :
required to return the gontrol to the neutral position, the angular accel- B
eration due to his original control deflection continues, increasing the ]
piteh rate in the direction of the overcorrestion, Adding the spring reduces A
the time during which the control deflection is in the wrong Jdirection, g
This results in an improvement in pitoh control, (ipure 13 showa the variation i
of deflection with time for a control of this tyvos. It was assumed, in 1
computing this ocurve, that the operator aoplied a positive 10 foot pound b
moment until tha motor reached the deflmction limit whioch brought it to rest X,
(at o3 soconds) and then irmeciatelyspplied a negative moment of 10 foot pounds N
until the other astop was roached, The oontrol geometry illuatrated in thia 3
figure was found to have too slow a rraponze dus to exosasivo damping, and
piteh attitude errors of wp to 50° were noted, Damping rates were reduced
until satisfactory piteh control vwas obtainnd and these values should be
considered allovable maximums. The spring rates were adjusted so that the
restoring moment due to the spring at full deflection wns Just slightly
less than the moment the operator could apply, Figure li illustrates attompted E
50 foot flights at a 15 foot altitude with different maximum motor deflections, A
und spring and damping retes, For the case in Firure lia the spring rate d
was 13,0 foot pounds per radian, the damping rate was 7,50 foot pound seconds
per radian, and the maximum deflection was L, In Figure lib, the corres-
pgndinn values are 95,0, 5,0 and 6° and in Fipure lic they are 71.0, 3,75, and
8°, The magnitude of the piteh oscillatiomswas anproximutely the same in 3
all three canes, and thers was no apparent odvantapge to any of the configure |
ations over the others on this basia, In the onse in Finure lia, the pro-
pellant ran ocut before a landing could be effected, and landing occurred
at a forward velocity of 32,9 feot per second, a gownuard velocity of 23.9
3 foet per ssecnd, and a pitch oriontation of «32,2°, In the case in Mpure
) b landing oocourred at a forward veleoity of 21,9 fert per second, -a down= 4
1 ward velocity of 2 feet per seoond, and a pitoh orientation of +9,0°, 37.8
pounda of propellont wore expanded, In the cuse in Figure 4o, landing (.
. cocurred at a forward velooitv of ,1 foat per sccopd, & downvard valooity of ]
8 feet por second, and & pitch orientation of =2.5 . The pitch rate at i
touchdown was +2L.L° per seccond, This was the only case which completely !
satiefied the landing requirements and was the confisuration ualected for : *
further study, The effect of variation of the pivot position was investi-
gated, the trajectories being & oun in Fipures Uie ~  uph L7. Tho sontrol P q
goomotry, other than pivot location is that seleote. =, Within a range |
: of pivot heights from 1.4 to 17,16 incl.a8 ahove the ha, pivot, there is
1 little difference in syotcom porformance, With o molor pivot height of 12
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inches (Figure 17) a landing occurred at 67,5 fest which is quite close to
“the desired landing points It is thought that this was rather acoidental
since the position control exhibited at launch is poor. Landings were
performed vithin the velocity and pitch orientation limits presoribed except
for the case of & motor pivot 19,2 inches above the hip pivot, in which case
the system goes out of control positionwise, though attitude was being held
well for the nortion of the flight which was computed (Figurc 16), It was
decided that the thrust pivot elevation of 17.16 inches (11 inchas above
mean C.(ls) would be the one consider d for the balanco of the flivhts,

This 48 the position used for the flight illustrated in Firure o, A

plot of the pitch rate and orientation for sevural seconds of this flight
is presented as Fipure 18 for comparison with Fimure 10 to show the effect
of 0.0, trimming through leg motion, Note that the pitch angle does not
diverge in Finure 31 thus indicating a stable condition, .

A vertical jump was the next maneuver to be studied, The
operator wae instructed to acoelerats upward to 30 feet and then braks and
descend, This maneuver was performed in a safe and stable manner, though
with a horisontal displacement oi 6.l feet from the intonded landing spot,
Touchdown was accomplished vwith a downward velocity of 5,7 feet per accgnd,
& forward velocity of L.6 feet per second, a pitch orientation of =14,
and a pitoh rate of +7,9 degrees per second, There were 43.6 pounds of
fuel expended of the LS pounds available, and tho peak altitude of 33.2 feet
can be consider d the maximum vertical performince to be expucted of this
vehiole with an operator possessing the capabilities of the one eonasidered
in this study, This flight is illustrated in Figure 19,

V.  ABNORMAL FLIGHT CONDITIONS

Since the control moments available to the operator and the
upsetting moments which might cause severe aberrations of the flight plan
are internal, (the center of prossure is quite close to the C.G. and the
serodymamic moments on the system will be quite small) attitude control
is independent of spatial orientation, and all that would be required ta
regain control of the vehicle, after the ahbberation is removed, is sufficient
time, The abnormal flight conditions that may adversely affect the accom-
plishment of flight objectives are: (1) loss of attitude control or judgment,
(2) temporary loss of thrust, (3) unusual contortion of the body in flight,

The effect of each of these perturbiticns is to temporarily
cause the loss of the vertical thrust component. Since the thrust to wed ght
ratio of the vehicle being considered is quite low, any downwnrd veloecity
which accumul tes during a temnorary thrust loss vill take measurable time
to correct. Obviously, this may result in the lo9s of considerable altitude,
If 4t 18 aosumed that the thrust lose ocours at a vertical velocity of gero,
that the initial wei~ht is enual to the takeoff weitht, and that the maximum
safe impact velocity is 20 fps, then the minimum altitude at which the vertioal
thrust component could normally be lost without injury to the operator varies
with the duration of the thrust loss as follows:
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Initial Altitude _ Allowable Duration of Thrust loss

25 fest «97 saconds o
o 110 - 1

. S
300 1.70

L]

# WVith duration and thrust specified for the model SRLD and assuminp 100% '
total impulss contributes to vertical flight, the maximum altitude attaine i
able is A0 feet for a takeoff from and safe return to rsround level, 8

The effect on the oporator!s attitude of a violetn gody oone
tortion was determined by computing a trajectéy containing a 90" forward i
kick and return (Fi~ure 20), as detailed in A-pendix A, Tigure 21 illuse~ k.
trates the variation of the onsrntor's attitude, Body oconfipuration is super=- =k

~imposed on this Firpurd, It may be seen th t tha syateom has been stabilized

- after going through only slightly more than 360" of rotation. This should
be considered s satisfactory display of regaining control, considering
the magnitude of the attitude perturbation during the kick. Tho cbvious
problem is the large altitude loss (136 feot) and the accumulation of a E:
downward velooity of over 70 feet per second, Since the altitude lose ' :
alone is greater than the altitude atteinable with the system, it follows ' 5
that an attitude perturbation of this magnitude could not he tolerated. On ' ‘
the other hand, the motion of the operators body does show the large degree
of kinesthetic control available with & vehicle which allows the operator
considerable freedom of motion.

W«  YAW CONTROL

Yow control was invostigated by testing the ability of the
system to approach a target point in a cross wind, Thourh this situation
is not strictly correct, in that it is azsumed that the operator will be
pitched forward throughout the flight, it is still a good tost of vaw o
control, The logic which was assumed was that if it appeared t3 the 3
oparator that his bearing was correct (a threshcld level of *+ 5° was assumed)
he would provide a control moment to oppgse any sensible vawing rate relative | 4
to the target (a threshold lavel of % 10" per necond was assumed), If the
operator sensed a bearing error, he would provide a control moment to correot
it by heading directly for the target and not overcorreoting to compensate
for drift. An over-riding requirement was that the vawing rate relative

to the ground be kept bulow 1 radian per second., The sontrol geometry
vwhich was teated was definud by:

2
M=Ky ® vaw conrnor, = Kp 4@ yg =9 d° 0 yg
dt ate
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‘or wero, tha spring rate (K5) vas

where M (the moment applied by the operator) was plus or minus 2 foot pounds
2 foot pounds per radian, the damping

coeffiolent (KD) was o5 foot pound seconds per radian, the polar moment
of inertia of the control plus the operator! arm.was .5 slug ftz and °Yd

. Vas thb-oont;sl;ddtlcctisn in radians. The gontrol was asauned movable

between +11,5° and =11,5”, The jetavator was assiumed to be deflécted ,313 -
degrees per dogros of control deflection. This gives a maximum Jetavator .

deflcotion of 3.6° and yeilds a resultant 2.5 foot pounds of torque at full

thrust, An attempted flight to a target 30 feot distant with a 30 foot -

per second oross wind produced the tiajectory depioted in Figure 22, As

‘the operator nears the target he finds that the yaw rate required to hold

his heading towards the target becomes excessive, However, while atill at
some distance from the target ha is capable of holding his heading within

a fow degrosa of the perfeat orientation, This is shown by the vectors
superimposed on the ourve which show the operator’s heading. With the
geometry chosen, the operator was able to keep control of the venhicle,

and to pass wvithin 8 feet of the target as opposed to a 15 feet miza distance
if no attempt is made to vary the yavw orientotion, The geometry chosen

was oonsidered satisfactory for safe flight,

X. NOLL CONTROL

A roll control geometry was selected and tested, two canes being
shown in Figure 23, The opsrator logic involved was the same as that used
in the pitch control studies, The two oases shown differ in that the damping
rate in Came 1 is twice that of Case 2, The maneuver involved was to move
from a rell orientation of 10 deproes to vertical position, The performance
of the system in Case 2 is conasidored satisfactory. The control systom is
defined by:

= 0,5 da ]
dt

b =0 pory conron =t ¢ 9 Re RC
T

where the terms are equivalent to ths correaponding terms defined in the
desoription of the yaw control gesometry, (Onc is in radians), This ocontrol

is assumed to operate a valve which varies the thrust of sne motor to pro-
vide a rolling moment. The control is movable between +30° and «30°, The
linkage between the contrgl and the valve 1s such that the differontial
thrust is equal to + LO Re ¥hers Gp, is in radians, This gives a maximum

difforential thrust of 10 pounds at full thrust,
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. Y, SIONIFICANC® OF THY SYST"M DRVFLOPTD

It should be pointed out that the system studied is one answer
" to the problem of providing a small rooket 1ift device which is capable.
© by.ifio ‘means the only. set which would dllow. acooguble f1ightas" The optim -
minatior of the:system is beyond the scope of this study, which ia aimed at: .
demonstrating one anproach to solving the contiol problems associuted with
a SRLD, Tt is felt that the confimuration detarmined herein is one whioh
- satisfies the multiple requirements of sufety, performance, simplicity,

of acowptable.stability and performance, The gontrols wWhich were defined o'ro_ )

nght woight and compactness,
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L . SYMBOLS |
| UNITS
_ ‘ ‘ Cys °_v ¢, Gain for Contrel Linkage -
\‘g C.Qs Qeniter of Oravity -
e * - G4 04 Shift £t
;t:; DI’D2 ’DJ D"“ Foxces b
’ : P Thrust b
“\ p Temperature, Dagress Fahrenheit -
i HR Initial Required Altitude 4
¥ o :
f 1 Moment of Inertia slugft?
4 J Polar Moment of Inertia of Gontrol r
: Linkage and Operatorts Arm alug=£t
Xp YTaw Linkage damping Coeffiolent Pt=1b=sec/rad
4 Xy Spring Oonstant ft=1b/rad
\ X Damping Oonstant ~ ft=1b=sce/rad
-.' 1 Kh Judgement Tolerance Coefficiant -
3 Ky Spring Coefficient £t/000/1%
N Applied Moment £4/1
4 R? Resotion Time seo
3 T Time seo
v landing Veloocity ft/s00
! Ve Velocity in X direction ft/nec
1 vrb Downward Velooity ft/se0
X Horiscntal Coordinate Axis "
"R Required Horisontal Position £t
. Ta Initdal Required Displacement £t g
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Range of Target from Takeoff Point

Body Gomponent Depth
Body Componant Width
Body Compénent Height

Distance From Hody 0,0, to Component 0.0, -
Drag Factors

" Gravitational Conntant, 32,2

Altitude
Arbitrary Altitude Above the Starting

.point

Requirad Altitude

Body Componant Mass

Mass Flov Rate
Body Component Radius
Distance from Landing Point

Angular Acceloration
Control Deflection Angle

"~ Motor Deflection Angle

Roll Contrel Deflection

Yaw Control Dsflection
Control Lever Displacement
Pitch Annle at Landing
Required Pitch Angle

Position Error
Weight Flow Rate

UNITS
£t

inches
inches
inches
inches

rt/aoo?
b ¢ )

£

by}

slugs
slug/aec
inches
£t

rnd/nooa-

rad
rad
rad .

rad
rad
rad
rad

rad
1b/sec
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THE DEVRLOPMENT OF THE EQUATIONS
0! ON TOR Th : T

DYNAMIGC STABILITY STUDY

I. 8 RY

The equations of motion for the SRLD maneuvering in the pitch plane are
developed herein, The system is treated as a quasi-rigid body cumposed
of two rigid components hinged togather, The componentr represent the

upper and lower parts of the operator's body and the hinge represents the
hip joint, ‘ .

Since it is intended that these equations be used for s digital coumputer

study, several approximations have baen made aud finite difference solutions
are sometimes used,
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IT. DISNUSSION

The requirsment for a dynamic stability study of the SRLD presented several
problems associated with the methods of solution to be usad, The complexity
of the system made it necessary that a digital computer be employad, rather
than an anaioy machine. The ability of the system to hover, fly backwards,
and change configuration made it impossible to employ any of tha trajactory
routines previously programmed for the IBM TO4, Accordingly, a new set of
equations of motion had to be developed for use with the digital machine,

After a preliminary investigation of diffarent approaches, it was determined
that the contract requirements could be most expeditiously satisfiad by per-
forming a stability and performance study of pitch plane motion and separate
stability studies of voll and yaw motion, The two dimensional equations of
motion in the pitch plane are developed in this report,

It is desired that the effect of a violent contortion of the operator's

body on the controllability of the SRLD be investigated, The most vioient
contortion apparent, in the pitch plane, is the kicking of the legs from

the hip, Accordingly, provision will be made for the inclusion of this motion
at an arbitrary time during flipght. Since it is sxpected that the oparator
will attempt to maintsin a "standing-type" position during flight, the kick
will coneist of a kick forward from the 'standing-type" position, a period
during which the legs are held forward, and a kick down to the initial
poaition, The mathematical model of the operator will assume twv rigid

bodies (Figure 1) of masses M, and M, pivoted at the hip, with the respective

0.G.'s at distances T and r from the hip, The subseript (1) will refer to

the upper body including the SRLD and propellant, and the subscript (,) will
refer to the legs. A raference axis has been chosen as ths line vnr:@cally
upward from the hip pivot when the operator is in the standing position, It
1s assumed that the C,G, of the lag ia on this line in the standing position,
The angle between the 7, line and the referanca line will be called 6, The
angle batween the L] ltﬁc and the reference line will be called «,

A mathematical expression for the kick maneuver is rapresented by a sinusoidal
velocity curve in the form:

@ = p oin 8t for t' fromO to 2 4 ¢t
The corresponding angle and acceleration equations axe:

: . @, + ; (1 - cos St')

@ = P8 cos St!
A kick magnitude of 90° will be considered,

The time increment At will represent the time required for a 90° kick in one
direction and t' will represent the total time during which kicking has been
occurring. During the course of a kiuk up and back, t' will go from 0 to
24At¢t,
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.+ Curves of the functions of time (t) ve @, 6, 0 will bs entered into the
computer,
8 18 defined as n/At, o
* The maximux angular velocity P is chosen so that a 90" kick is sccomplished
during at,
in thase computations, At was assumed to be approximately 0,( seconds,
. The corresponding value of S is 1,667x and the value of P is =,439 =,
k Q' is defined as & + 7

howaver, since:

ey

[ X4

«' .0.»! (except during impulsa thrust changas which, having 0 duration,
a can be shown not to affect the dynamics of the probleam,) A

We dafine: k:
' = o i
' =0

! Since the kick is accomplished by applying squal and opposite torques to

the two hody components, there will bs equal end oppostie changes in the

i angular momentum of the two, It will be.assumed that the thrust and serow-

_ dynamic moments do not change €. MNenca, the total internal angular momentum
i will vemain unchanged, We may therefors look at the svetem as 1if it were

! a rigid body with variable moment of inertia about its 0,G, C(onsidering

. the two components to be rigidly coupled masecs, we may write:

[o=1+I,+ &M+ 'y M,

The sngular velocity of the system, w , is given, for a rigid body, as the : b
angular velocity of any lina on the body (two dimensional), Since we have "
; a quasi-rigid body, the geaneralization is not necessarily valid, The line
' through the C,G.'s 1, 2, and C, however, is a special case which, for the
quasi-rigid body, has the same properties as the arbitrary line on the rigid i !
body, This line makes an angle v| with coordinate y of a nonerotating axis : 3
syitem, Therafore: L)

L . o

Ww=nN

The objective of the kick routine is to determine tha angular inclination,
¢, of the upper body reference axis from the vertical., Since the position 1
. of tha body reference axis will ba defined relative to the position of the :
: uppar body C.G, by a curve, it is convenient to fcllow the inclination of
the line connecting the pivot point with the upper C.G. (line r,). We will »
. deagignate the angle between this line and the y axis ag @', i.l defined as k
the angle between v, and the line connecting the pivot point with the com=-

bined C,.G, (lin. !‘e*,
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*We may now write the expressions rohttng the torque and the angular

': mowmen tum ¢
] .Icw = (LI, +2M ¢ B MR
4 (I' = = EXTERNAL TORQUE
dt cw) EXTEANAL
oy

‘ | . . al we
[I,+ I& * a N‘ + sz] "1 + [I. + I’. M, .“_( ‘)4'/7: dt b’)"' "‘j“""]h ‘r[xu_-‘”“_

l However, from Figure 2:

- n= @'~ n
' o that,

L@~ %)+ L(-4) = v
. | or: . ;
.f g o o T L (Y-8
fl. j - Ie |
‘ .9 and ba may be simply determined: |

’
(a+b) = n*+rt-2nn cos &

\ ! From the definition of C.G.:
‘ | a = bM,
; g0 that: 2
] .E’-!-  § + [ ] !
a =(;, (’; h-2hh COSG')
! ! . M i
: ' ‘-'-‘(',:,-:')(r" +r' - 2rf cose’)
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.2anfh cos&+ang & smo]%nh §#-2nn cose)

wepolt v dvemw

.4

We must next determine expressionz for n. undwt + Since r Ty Tp and '

* will bs known or dntorninabl.,11 is defined in terms of these quantities:

' -t 4 SlNﬂ' :
W TAN -t COSE’

Differentiating with rc-pict to time ylelds:

y'=s (r-hn coseVn 6cos o' + Fy siNe'\=r sInE(F-Freosel+ 1y 6'sivE)

2
4
i SIN
I+ (‘r'r—c??;) (¢ -ricoss)

;a, the rate of change of the distance from the hip pivot to the leg C.C.

Rero, 8o terms containing this may be aliminated, Combining and rearranging
the remaining terme yields:

% e Nho'cose’-nfF sine~n'é
Riary =260h cos &

Apain differantiating with respect to time yiside:

o

s ] s 9 ] X ’ e ¢ ey A4
r.r,(e')‘ SIN®' - BT SING - L K SING-1i ), &' cos e ~z2n r,',o-r,‘e'] -

(rr,ecose RKSING -1 O )[a_rr+z/; -2rh cos € -

2
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[]
Again, terms containing r, will be eliminated. The position of the upper
-body C,G, is taken to var? linearly with propellant expended, Since the
total C,G, shift Lis on the order of only, 1 1/2 inches during 15 seconds

of burning time, r, is quite small, and ¥, is nc!usi.blo. Therefors, we
may eliminate terms containing 7. Combidiing and rearranging the remaining
terms yields: 1

L4 ‘ LR
W & &'oso’'-F sine)= & _ an’
R+ R -2hhcose’) (rP+n*~2nn cos &)
L M “¢ [ a0 PR ! ‘ ' / /
Ll & cose-nercoso+n'e SINGCOSE+"SINOCOSE -
N

. [ » L] M L4 .I‘
',9' FESNG' = rh &' SINS =1 r & + i §'cos 8- smo‘:)
[}

B e
Inspacting the terms in 11' and n', it is apparent that many of tham contain
#., The significance of these terms is that they represent the motion of
eic body due to tha rate of shift of the fuel C.G. at constant mass. It
is apparept that the sffact of these terme is small compared with the affect
of &'and @' and a great deal of simplification results if thay may be
discarded, This is now done and we gat:

n = rnocose-nté
K+ - anncos €
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O T L [V S AR Y

e . L] ‘ ad . . .
 p hn(8Cose’-& siNG)-t &' 26" 4 sinocos &-2 1 & sme’
* (r+ni=2hg cose) (Fen -2hgcose ) |
{
The next items to ba determined are axpressions for 5 Je ("t) and j"’; (K) g
i .
|
N | M ‘1 |
d (.1 2\ o L ‘ ) N[
1K — ) ) = (2 =21, o )|+ |(r? - 05 B )| == !
2 Ji ( ) (”‘) 7t (" + R - 2K RCos ) ( +h-2hkcC )Jt M, |
' - . '
i é
r | ¢ I q |
B i d 7,2 M\d t ’ ? s Aol (M, '
f — )=\ eRr ~2nhKcose I+l =206 COS & = :
| Ja() C’V.,)Jt("' 2hifcose )+ (' +5'- 2 ¢ >:I?M._ !'
; L . |
4 2 . » ! .
,‘ i ..’l = 2 (Ng M = M M 1’70 . P
j dt| M Nc’ } .
However, ‘
\"' My = O,
-8 and M may be written as w/g 3"
l g Thereforae: 2
z i J N . ”l w
v i wa—— —-L - e _.—.—.LT._
2 s | :
g__r_lj_.j N O Y i 1, 31 ]
b dt LM(. N Hg— "
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but,
U [
M, = M= Vg
and,
-M /75
Thexefora:

2
1m0, 2 -fZijgrﬁﬁ__
Wt Pk 8 Me
d ? ‘ / . . v '] . 4 (X} ]
= (n'+ - 211 C0S &) m2niivan -2t hcose’2nfcase’rn &' sive
Since vy = 0, this reduces to:

S[rtnt-205 cos&)e2(n - cos o' 1 & siv @)

Therefors:

L |
N ‘
:t( )-zc' )(rr rr,cose+rr,,eswe)—z%(n‘m‘—znrscmd)

]
:7;6')= z(;%-)(r,, Fhcose osuw)n-i—"—ﬁ"—-(r 5 -2k cos <)

§ince the change in (a) due to r is wmall compared to the change due to
@' during the interval of the ki&k, terms containing r, are eliminated,
and we ars laft with:

< (a)= eMinh &sive 2N.’»&(f:’*§‘-zmcose‘)
deN /T /v: Y
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J y):' 2 Mirn &' sine 2/ Mw(f+R-2nncose)

:‘ : — +
5 ot " g Mo
i .

11 may be expressad as:

L] \
l:2 is obviously 0,

‘ We now rapeat the pitching equation of motion

(302t o 8] olhody » () (Y 52 I = Yo

It is apprent that we are now able to evaluate all the terms of the left
hand member and it remains only te evaluate r““m : to allow the solution
of the equation, sl

The external torque will be contributed by two items:

1 $ Thrust
] 2) Aavodynanic forces

The torque due to thrust will be evaluated next:

: The thrust component parallel to the upper body reference axis will be F
cos 8, and that normal to the axis F sin 9., As may be seen from Figure 3,

the rnultmt torque about the combined C.G. will be:

Trhausr = [k’ S/N(W-¥)+ x| FCos &y + [3;, - cos(v- X)]FJM/G,.,
And

o= {(Mh svem) e [(ur v s ‘-"“")/’7‘]l }'1

SINV = Myh SINS/ M. I,
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We now procncd to avaluate the torque due to asrodynamic forces. GSince
the asrodynamic forces due to pitch damping will be small compared to
thoes ‘'dus to translation, we will ignors them, It will be further assumed
that the asrodynamic forces may ba broken into three flat plate drag com-
ponents with little loes of accuracy, The components will act normal to
tha upper and lower body axaes and parallel to the uppex body axis, The
drag forces are represented b , and the negatives of these forces by

D, The coefficients of tha tntml will be representad by £ and are
defined by:

f = 5& PCo §

so that;

D« fviv| s =p

rigure 4 defines the thres drag forces:
D= f(Vy COS @ + Vi SIN @) |V COS G Wi SING | ==
D= (W oS- W SING)|W cos @~ Vy sivg| = -]
Oy = fy(W SINB + Vi COSP)| Vi SING + V, cOS Q| = - D
e g+6& - éz
cosp = sin(e+d)

sivp = =cos(e+4)

D, = ¥, [- v\ cos(e+g) v sm@qo)]

—v,(cos(e +¢)+ Vr sw(& + ¢)|
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As msy be seen in Figure 5, the torque due to serodynamic forces may be
written as:

Tarno = D18, + Oy Sy = Dy Ay

or

Tntko a D; !g - Dl’xl "'Dt’ '(l

Prom Pigure L, 1t will be seen that 11, 12 and 13 may ba written in terms
of previously defined quantities:

A mxou + I sw(w—r)
4« Y3, - cos(¥-r)
dy =, =1 cCos (o’-?')

Thus, the torque due to aerodynamic forces is given by:
Tarao ™ ‘f.(\/r COS P+Vi SIN ¢)|V, COsS @ +Vy SINY '[X:w* r S/N(V‘- r)]_
f(W cos 8- vy siw )| vy cos @ - vy sin g |[vo - & cos(w-x)}

E; - g eos (e’— w)]

fy [“ V) cos (G- - ¢)-f Ve SIN (G-r ¢)]|—\4'cos(p -r¢)¢ W sw(g +¢)

We may now write the pitching equation of mntion in terms of
readily determinable quantities, We first define the torque
equations in consistent terms,
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P, The sum of the torques, due to thrust and asrodynamic forces sre:

Vexrenmn{ [l SIM(P )+ X0 )Fe0s @} +{[1a - cos (v- ¥]}Fsin e} - {#.(vy cos B+

Vi SING )\ Vecos 8+ v sing |E(;,,+:; sih (v-0)]}- (54’ cos d-vy st Vi cos & -

Ve sin 8| (Yo~ tcos (b= 1)} +fhy Fwcos(e-al v simv(e s ¢)]| -V, cos(es @)+

% siv(e +@)| [ - ¢ cos (o-+)]} 3

whave!

¢ = (5 sivem)'s [(15+ mn cose)/m] }*

ko= Hf": 5’”(‘9")]2+ [ vn,r,cos(ew)]'}”

M
and, 3
n E
any = Ll sm(-o-vr) ]
c 4
i
however! g
& + ¢ - o'+’ § ;
, A
! O o +Y i
i ' ]
i\ . V; - Vx - Vw A
| i
1 !
!
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so that: :

Tear = { [k 50 (+-¥) wi}reosan}e{[vi- ncos(v- r)JF sim o} [y cosaa(vr )
smd]'v, cos @+ (v + Vi )siAl § | [xou + e stm (b- r)]}- {6 [(wow)cos 6 -4 sind]
[rou-r.cos (¢-2)[}+ {f [- (h+ w)cos(e-+ o) +

~(4 .>vw) cos(e+d)+ v S/N(G~¢)}[VZ -t o5 (o7 9’)]}

«

(h+w)cos8-v, siv @

Vy sin (044))

The pitch equation of motion will be used in the form:
s, avy | [ Y
@'= ™ +-I“[T*12(n-¢ )]
[

Weiting I, in the units used for7:

a
e T o) o (2] |t 2 cos(onv)]
L

Writing Ic in the same units:

s £a2E on Ming ésivesr)  Miw {rlan*-2p ncosiesr)
Jw M I

™ [M,‘/:g &siN@ry) , MM (ha-2h0G cosle+x) .
’1: g f&’

& e
1) wlet+n'-200 coslexy)] _ i
M 9 i
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writing ﬁf:

5 rhécosle+y)-rle
rtenpt-26n cos(e+y)

writing ﬁ':

e L [Bcos(e+r)-&" sinte+¥)]-rt &
rtert-2nn coslery)

2r'g & s//v(e rjcos(er)-25'r 6°sin(o+¥)
Tient-2nn cosle )]

We may write:

¢
a.

However, as mentioned earlier, Sf may be ignored compared with §, so that

g
=1

El:EbTQ

°(:e(-‘(

0" ‘0

= ¢

also:
. Jr .
y = —
dw i
so that:
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& w« finally axe dble to write the pitchiug equation of motion:

refBcoserr)-Ssmiex)l-i? ;l ﬁr. et 3fsin(es sl osie+o))-2 r.'re‘sm(w\

{
| L fenpi-2r cosfe~y) l[}‘ + i -2rncos ey )?
|
5

: [esp-s)x)Feos &
N { +, [r%r‘ 2 K iFeos(ery F((:’A m’((f %[ Jrema)s

Tyt g cos (r-a))Fsine - [ucesaofyu) ) cos g ) sine| X v v-9)}-

(3 weosa-v swdle

'\

i zcont-]-b e )easlord)-wsed]

. y,)cosd- v, SING

|
|

(e wa)cosfo +6)- sinlg+6)

Gccosr )]}] {5 onfiEEEED)

1

" w[r. + it zrricos(e r)}+ 2 My {M rr,e sIN(@+Y)

q M} 9

Mﬁgw[r -tr -2hh COS(Q-.]»%*(&;- V',[ﬂ"";:'E,LG c05(9¢)’)]]
M

Er/;ecos(ewl_r‘ PR W]Z
/

et -2nncos(esy) dw
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To describe the motion of the system in the pitch plans, two mors aquations

‘ﬁ 1 of motion are required, These are obviously:

‘, : . 3

L TR

_f ; and

ﬁ , The external forces ars the thrust, weight, and aerodynsmic forces, e
4 ! may rewrite the above equationo as:

| v o — [/'S/No;,+¢)-o, SING =D, cosd +0, cas(po)]
|
|
|

Y= ﬁl- [Feos (an+9)- gm ~pcosg -0 smg -0, s (g+0)]

expanding the equations:

= {FS,W(O ,¢ [VyCOS¢ V,oVw SINﬁ ‘VyCOSﬂ#(V,#V S'/Nﬂl S/Nﬁ

:, ; fillew)cosg-wsm 4]

(Vu . V..)casd - Vy S/Nd‘(Casd) + f,[-(v,* Y cas(e... ¢)..

% sin(oe 4):” ~(e+ W) cos (e+ #)+ v sin (e-+¢)| [cos(o+ d)]}

2 ;% {,rcos(e;,m)-ﬁ [v,cosﬁ(v,. * Va)SIN d]lwcosd+(\4 V) SIN dl(cos 0)-#g-

3 [ e ) CO5 8- vy swﬂ]l(\{ * U)COs -y, sw¢|(sw ¢)-ﬁ[(\;, +v Jcos(0+ 6) +

fv(o- )
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“e The five equations for 4, x, y, ¥ , and r_ may bs solved simultanecusly
to completely describe the motion of the system in the pitch plane,
‘ , .
{
i
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